INTRODUCTION
In pigs a functional mammary gland is an important selection criterion for increasing the survival rate of piglets. The most relevant inherited disorder of the mammary complex is the inverted teat, resulting in nonfunctional teats. The defect occurs in commercial breeds with frequencies between 7.6 and 30% (Jonas et al., 2008) . The emergence of inverted teats depends on insufficient mesenchymal proliferation at the developing teat ground (Jonas et al., 2008) . Several authors have elucidated the influence of hormones and other genetic factors on the regulative interaction of epithelial mesenchymal proliferation during the formation of the mammary gland (Sakakura, 1987; Foley et al., 2001) . Feldman et al. (1993) have argued that mammary development depends on interaction of mammogenic and lactogenic factors. In particular, GH and its receptor (GHR) mediate differentiation and development of the immature mammary gland. Further, the hepatocyte growth factor (HGF) could be shown as a factor with pleiotropic activities throughout mammary development, including stimulation of cell proliferation in epithelial cells and their interaction with mesenchymal cells during embryogenesis (Rosen et al., 1994; Lock et al., 2002) . Platelet-derived growth factors (PDGF) and their receptors (PDGFR), vascular endothelial growth factor (VEGF), belonging to the PDGF/VEGF signaling superfamily, and fibroblast growth factors (FGF) and their receptors (FGFR) are important regulators for tissue-tissue interactions to control proliferation of epithelial and mesenchymal cells during development of epidermal appendages (Sakakura, 1987; Hovey et al., 2001; Hoch and Soriano, 2003; Eblaghie et al., 2004) .
Transcript abundance of 8 growth factors and receptors known to be relevant for assertive arrangements in a functional mammary gland were comparatively analyzed in epithelial and mesenchymal tissue of normal and inverted teats to provide experimental evidence for their involvement in the development of the disorder.
MATERIALS AND METHODS
The experiments described in this study were performed according to the German animal welfare law.
Tissue Collection and RNA Preparation
To collect samples of epithelial and mesenchymal teat tissue, animals of commercial herds of crossbreeds of German Landrace, German Large White, and Pié-train [Piétrain × (German Landrace × German Large White)] pigs (n = 28 animals composed of 14 full sib families with 1 affected and 1 nonaffected litter mate; castrated males of 169 d of age on average) were used. Epithelial and mesenchymal tissue was gathered from the teat of the nonaffected sibling and from a normal teat and an inverted teat of the affected sibling. On average, affected siblings showed 2.9 (1 to 5) inverted teats. A total of 84 tissue samples were collected in an experimental slaughterhouse where 2 persons of the team of inspectors also examined the teat phenotypes by adspection and palpation of teats at a separate slaughter. Tissue samples were directly frozen in liquid nitrogen and stored at -80°C.
Total RNA from each tissue was isolated using the Tri-Reagent (Sigma-Aldrich, Taufkirchen, Germany) and NucleoSpin RNA II kit (Macherey-Nagel, Düren, Germany) including DNase treatment. The RNA samples were visualized on 1.5% formaldehyde containing agarose gels to check the integrity, and the concentration was measured by spectrometry with a NanoDrop ND-1000 spectrophotometer (PEQLAB, Erlangen, Germany). In addition, absence of DNA contamination was checked using the RNA as a template in a PCR amplifying a fragment of the glyceraldehydes-3-phosphate dehydrogenase (GAPDH) gene. All RNA were stored at −80°C until downstream analysis was performed.
Quantitative Real-Time PCR
To survey differential expression of the epithelial and mesenchymal tissue samples, quantitative real-time PCR (qRT-PCR) was performed using the LightCycler 480 system (Roche, Mannheim, Germany). Firststrand cDNA was synthesized from 1 µg of total RNA using random primers and oligo d(T) 13VN in the presence of Superscript III reverse transcriptase (Invitrogen, Karlsruhe, Germany). The ribosomal protein L32 (RPL32) and the general transcription factor IIIC, polypeptide 2 (GTF3C2), were treated as internal references. Reactions were performed in a final volume of 12 µL using 6.0 µL of LightCycler 480 SYBR Green I Master (Roche), 600 nM of each primer (Table 1) , and 100 ng of cDNA. Amplification conditions were 95°C for 10 min, 40 cycles of 95°C for 15 s, annealing (Table  1) for 10 s, and 72°C for 15 s. At the completion of the amplification protocol, all samples were subjected to melting curve analyses and gel electrophoresis to verify the absence of any nonspecific product. The PCR products from each of the respective transcripts were used to generate external standard curves for the calculation of copy numbers. Normalization for each sample used the geometric means of the relative concentration of each internal reference gene (RPL32 and GTF3C2). For statistical analysis of qRT-PCR data, tissue-specific normalized means of transcript abundance levels were compared with Student's t-test (paired samples). Differences between tissue samples were considered significant at P < 0.05 (Figures 1 and 2 ).
RESULTS
Our investigation was performed on 8 genes using mesenchymal and epithelial tissue samples from discordant animals of commercial populations. All genes tested, expect HGFR, showed significant differential expression at P < 0.05 in terms of the inverted teat defect (Figures 1 and 2 ). In this study, a total of 25 significant differences in expression could be found in mesenchymal and epithelial tissue. In particular, FGFR2, HGF, PDGFA, PDGFRA, and VEGF were significantly differentially expressed in mesenchymal tissue of total normal teat and inverted teat; furthermore, FGFR2, HGF, PDGFA, and PDGFRA exhibited significant differential expression in mesenchymal teat tissue of nonaffected sibs in comparison with inverted teat tissue of the affected sibs; HGF and PDGFRA showed significant differential expression in normal and inverted mesenchymal teat tissue of the affected animals. A significant differential expression profile of mesenchymal tissue from affected animals compared with nonaffected animals could be demonstrated for HGF and PDGFA (Figure 1 ). Six of our investigated genes showed significant differences of expression in epithelial teat tissue; HGF, GHR, PDGFA, PDGFRA, and VEGF were significantly differentially expressed in epithelial tissue of total normal teat and inverted teat; furthermore, HGF, PDGFA, PDGFRA, PDGFB, and VEGF exhibited significant differential expression in epithelial teat tissue of nonaffected sibs in comparison with inverted teat tissue of the affected sibs; HGF and PDGFRA showed significant differential expression in comparison with normal and inverted epithelial teat tissue from the affected animals. Significant differential expression between epithelial teat tissue of affected animals and nonaffected animals was demonstrated in the PDGFA gene ( Figure 2 ).
DISCUSSION
Teat developmental and functional mammary gland capabilities have to be seen as a result of a complex interaction among multiple factors, signaling pathways, and different cell types during several major phases of development (Sakakura, 1987; Imagawa et al., 1990; Hovey et al., 2001 ). In particular, several paracrine growth factors have been proposed to be involved in teat and mammary gland development. Microarray analyses revealed that signaling pathways of several growth factors are involved in normal and inverted teat development with several genes along the signaling pathways showing trait-dependent regulation (Figure 3) . The hierarchical superior components of these pathways, the growth factors, and their receptors are not fully covered 
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by the microarray. Here we aimed to quantify the transcripts of 8 growth factors and growth factor receptors, depending on the affection status of the organism and the teat phenotype using the more exact and sensitive qRT-PCR technique.
Seven of 8 genes addressed here showed differential expression in the mesenchymal or the epithelial teat tissue, or both. In general, we observed more pronounced differences when comparing samples obtained from inverted tissues vs. samples from normal ones. Therefore, results of our study suggest that gene expression of the growth factors and their receptors associates directly with the teat phenotype rather than with the affection status of the investigated animals. This indicates that local processes and tissue-specific compensation by means of differential expression of growth factors and their receptors in the explicit teat are the main drivers of inverted teat development. Almost consistently, expression levels of the transcripts were greater in epithelial and mesenchymal inverted teat tissue than in normal teat tissue. Greater transcription levels of the growth factors and their receptors may point to greater differentiation and proliferative activity of inverted teats in the crosstalk between both tissue compartments. This may represent compensatory processes taking place to catch up the retarded developmental progress of inverted teats.
The FGFR2 gene belongs to the family of 4 FGFR in mammals. This gene is known to be expressed during early mammary gland development and plays roles in regulation of cell proliferation and differentiation in mammary epithelial and mesenchymal cells (Eblaghie et al., 2004; Kim et al., 2007) . Several genes encoding FGF ligands like FGF7 and FGF10 are known to bind to FGFR2 as the receptor, which has been reported to be already expressed in mammary ectoderm (Mailleux et al., 2002) . Mouse embryos lacking FGF10 gene function fail to develop mammary placodes, suggesting that FGF10 signaling through its receptor FGFR2 is required to initiate development of mammary glands (Mailleux et al., 2002) . The FGFR2 protein consists of an extracellular region, composed of 3 immunglobulin-like domains, a single hydrophobic membranespanning segment, and a cytoplasmatic tyrosine kinase domain. The extracellular part of the protein interacts with FGF10, starting a cascade of downstream signals, ultimately influencing the development of mammary glands. The significant differences in expression between normal vs. inverted mesenchymal teat tissue suggest its importance for a functional mammary gland not only through development in embryogenesis. Human FGFR2 maps to a region that is syntenic to the distal arm of SSC14 (Table 2) , where a QTL for inverted teats was found in an experimental cross population (Jonas et al., 2008) .
The GHR gene encodes a protein that is a transmembrane receptor for GH and has been found in mammary glands of pigs (Jammes et al., 1991) . Binding of GH to its receptor leads to receptor dimerization and further activation of an intra-and intercellular transduction pathway for growth and development of the mammary gland (Feldman et al., 1993) . Feldman et al. (1993) elucidate its central and primary role in mammary gland development. Growth hormone together with its receptor can act directly on mammary tissue stimulating cell growth and further the end bud formation (Silberstein and Daniel, 1987) . The position of GHR on SSC16 announced by Chowdhary et al. (1994) fell in the confi- Figure 2 . Gene expression profiles of epithelial teat tissue. Transcript abundance was determined by quantitative real-time PCR from epithelial teat tissue samples of nonaffected animals (n = 14); from normal teat tissue of affected animals (n = 14); and inverted teat tissue (n = 14). Mean abundance and SE are shown. Labels on the x-axis indicate A, expression value of tissue from affected animals; B, total normal teat tissue; C, teat tissue from nonaffected animals; D, normal teat tissue from affected animals; E, inverted teat tissue; *P < 0.05; **P < 0.01; ***P < 0.001. FGFR2 = fibroblast growth factor receptor 2; HGF = hepatocyte growth factor; HGFR = hepatocyte growth factor receptor; GHR = GH receptor; PDGFA = platelet-derived growth factor α; PDGFRA = platelet-derived growth factor receptor α; PDGFB = platelet-derived growth factor β; VEGF = vascular endothelial growth factor. Figure 3 . Simplified canonical pathways of growth factor signaling involved in the development of a functional mammary gland: Genes in bold letters are described in this investigation. *Indicates fold change >1.2; **indicates regulation significant at P < 0.05 in previous own microarray experiments. AP1 = activator protein 1; C-fos = C-fos protein; C-JUN = C-JUN transcription factor; CRK = V-CRK sarcoma virus CT10 oncogene homolog; ELK1 = member of ETS oncogene family; ERK1-2 = extracellular signal-regulated kinase 1-2; GAB1 = GRB2-associated binding protein 1; GAP = glyceraldehyde-3-phosphate dehydrogenase; GRB2 = growth factor receptor bound protein 2; JAK1-2 = Janus tyrosine kinase 1-2; JNK1 = Jun N-terminal kinase 1; JNKK1 = Jun N-terminal kinase kinase 1; MAP4K1 = mitogen-activated protein kinase kinase kinase kinase 1; MEK1-2 = mitogen-activated protein kinase kinase 1-2; MEKK1 = mitogen-activated protein kinase kinase kinase 1; p120 = catenin = delta 1; PYK2 = pyruvate kinase 2; RAF1 = V-RAF-1 murine leukemia viral oncogene homolog 1; RAS = rat sarcoma viral oncogene homolog; SHC = SHC (Src homology 2 domain containing) transforming protein 1; SHP1-2 = SHP1-2 containing protein tyrosine phosphatase; SOCS = suppressor of cytokine signaling; SOS-1 = son of sevenless homolog 1; SRF = serum response factor; STAT1-5 = signal transducer and activator of transcription 1-5; TCF = transcription factor. PDGFA = platelet-derived growth factor α; PDGFRA = platelet-derived growth factor receptor α; PDGFB = platelet-derived growth factor β; VEGF = vascular endothelial growth factor; FGF = fibroblast growth factor; HGF = hepatocyte growth factor. Chowdhary et al. (1994) .
2 Pinton et al. (2000) .
dence interval of the QTL for inverted teats in commercial breeds reported by Jonas et al. (2008) . Hepatocyte growth factor is a mesenchymally derived factor with pleiotropic activities mediated through its HGF receptor. Hepatocyte growth factor stimulates cell proliferation in a wide range of cellular targets, including epithelial cells, as well as epithelial-mesenchymal interactions during embryogenesis (Rosen et al., 1994; Lock et al., 2002) . However, it is unclear how the HGF receptor conducts the signaling pathways leading to its pleiotropic activities. Maroun et al. (2000) have demonstrated that, for promotion of epithelial morphogenesis, recruitment of the Gab family of docking proteins (Gab1 and Gab2) is necessary, but not sufficient. These proteins are phosphorylated through tyrosine kinase downstream from the HGF receptor, activated by HGF. The differential expression of HGF in mesenchymal and epithelial teat tissue confirms its role in biological pathways involved in the occurrence of a functional mammary gland. The expression of the HGFR gene was not found to be different in the investigated teat tissues. This might indicate that HGFR with its ligands has eminent relevance for distinct pathways for motility, growth, or morphogenesis or both in various tissues. Local effects at the teat and mammary gland are regulated on the level of the growth factor, whereas general effects are determined at the receptor level or more distally. Moreover, the chromosomal assignment of HGF (Pinton et al., 2000) and HGFR to the proximal region of SSC9 revealed no allocation to a QTL for teat developmental traits.
Platelet-derived growth factors and their receptors are important regulators of tissue-tissue interactions to control proliferation of epithelial and mesenchymal cells during embryonic development of epidermal appendages (Sakakura, 1987; Karlsson et al., 1999; Hoch and Soriano, 2003; Xu et al., 2005) . The PDGF have characteristic domains, which include 8 conserved cysteines that are involved in inter-and intramolecular bonds. The signaling network consists of 4 homo-or heterodimers of 2 subunit proteins, A-, B-, C-, and D-chain. Their receptors are 2 tyrosine kinases (PDGFRA and PDGFRB) that are able to form homo-or heterodimers after binding of the PDGF ligand. Different studies suggest that PDGFB has limited function in regulating organogenesis, whereas PDGFA and its PDGFRA receptor are more broadly required during embryogenesis (Hoch and Soriano, 2003; Xu et al., 2005) . Functionally, PDGFA and PDGFRA signaling plays an important role in cell proliferation, cell migration, and in regulating epithelial-mesenchymal interactions during developmental processes (Xu et al., 2005) . In addition, Table  2 presents the chromosomal assignment of PDGFA to the distal region of SSC3 and PDGFRA to SSC8p12, as described in Johansson et al. (1992) . This assignment for PDGFA revealed no allocation to a QTL for teat developmental traits. However, PDGFRA fell in the confidence interval of QTL for inverted teats and number of teats (Beeckmann et al., 2003; Jonas et al., 2008) . Furthermore, chromosomal assignment by means of published human-porcine comparative maps allocates PDGFB to the distal region of SSC5. That region exhibits several QTL for mammary gland capabilities, including a QTL for inverted teats and a QTL for teat number (Rodriguez et al., 2005; Jonas et al., 2008) .
Vascular endothelial growth factor belongs to the PDGF/VEGF signaling superfamily. Vascular endothelial growth factor is involved in functional development of the mammary gland via the establishment and maintenance of a vascular supply to support the mammary fat pad and associated epithelial proliferation (Hovey et al., 2001; Hoch and Soriano, 2003) . Vascular endothelial growth factor as a glycosylated homodimer stimulates vascular permeability and promotes cell proliferation through liberation of several proteases (Hovey et al., 2001) . The VEGF gene is assigned to the proximal region of SSC7, where no QTL for inverted teats is located (Jonas et al., 2008) . The QTL for teat number were found close to VEGF on SSC7 (Wada et al., 2000; Sato et al., 2006) .
Expression analyses of the porcine transcriptome in terms of teat developmental and functional mammary gland capabilities revealed several functional candidate genes that show specific differential expression profiles of epithelial and mesenchymal tissue of normal and inverted teats, which is in line with their known physiological function. It is uncertain to what extent differences on the RNA level relate to differences in the level of proteins. However, it is remarkable that our microarray experiments showed trait-associated regulation of a significant number of members of the corresponding signaling pathways. This indicates that the transcriptional differences described here are associated with transcriptional differences of downstream members of signaling pathways promoting the biological and physiological significance of our findings. Moreover, assignment of the growth factors and receptors to QTL regions for teat developmental and mammary gland capabilities corroborate their candidacy for the occurrence of the inverted teat defect.
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